Development of a model for the analysis of strain transfer mechanism in Brillouin based sensors with strain singularities is provided in this study. The main objective of the research pertained to the development of a method for accurate detection of cracks and their locations in sensing with Brillouin based fiber optic distributed sensors. The work involved formulation of a shear lag based model considering the elastic as well as elasto-plastic stages of the fiber optic coating strains. 
Introduction
Damage may occur due to aging, extreme loads or environmental factors with adverse effects on load bearing capacity and integrity of the structures. Most of the structural damage is manifested by cracks. Early detection of cracks ensures safety and results in overall maintenance, and life cycle cost savings. In general, it is difficult to detect the location of cracks and other types of damage because of the size, diversity of materials and geometrical complexities of civil structural systems. Review of technical literature reveal that a number of methods have been developed for detection of damage in civil structures, either at the global level, or locally by using nondestructive test methods. For instance, vibration-based methods have been extensively investigated to detect the damage by using the modal parameters of structural systems (Farrar et al M a n u s c r i p t
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in concrete. For example, Park et al (2006) utilized the PZT sensors in developing an electro-mechanical impedance based crack detection method. Song et al (2007) also developed a crack detection method based on the generated elastic waves in concrete. Over the years, while these methods provided opportunities for localized detection, others concentrated their efforts in distributed measurements by using electrical Time Domain Reflectometry (TDR), including the methods developed by Lin et al (1999) and Chen et al (2005) , in which they utilized the TDR in distributed sensing of cracks in reinforced concrete members.
In recent years, a number of optical fiber based techniques have emerged for sensing of structural perturbations. Fiber optic sensors have been employed for monitoring of cracks due to their advantages over conventional sensors in terms of geometric compatibility for distributed sensing, serial multiplexing, immunity to electrical and electromagnetic interference, and large sensing range (Ansari 2007 , Bao 2009 ). Yuan et al (1998) developed an embedded white light interferometer fiber optic strain sensor as a crack-tip opening displacement gauge (CTOD) for concrete elements. Leung et al proposed an optical time domain reflectometer (OTDR) based fiber optic sensing approach to monitor the cracks in structures by measuring the optical bending loss along the fiber (Leung et al 2000, Wan and Leung 2007) . They presented a theoretical model to provide the guidelines for sensor design. Brillouin scattering based fiber optic sensors provide distributed sensing capabilities for strain or temperature measurements over the fiber path. Various approaches based on Brillouin fiber optic sensors have been proposed for detection of cracks in structures, including the methods reported by Wu et al (2006) , Bernini et al (2006) , and Imai et al (2010) . Ravet et al (2009) proposed a novel method combining the peak identification of Brillouin spectrum with the SMARTape sensing cable to detect the sub-millimeter width cracks in civil
Journal of Engineering Mechanics. Submitted accepted February 28, 2013; posted ahead of print March 4, 2013 . doi:10.1061 /(ASCE)EM.1943 Copyright 2013 by the American Society of Civil Engineers M a n u s c r i p t
structures. Enckell et al (2011) and Glisic and Inaudi (2012) applied the above-mentioned method to large-scale bridges for in-service detection of structural cracks. Results of their research have shown the potential for widespread utilization of Brillouin based sensors for distributed monitoring of large structures. One of the important issues to consider in Brillouin sensing is quantitative interpretation of measured strains at cracks or discontinuities. Since the optical fiber bridges the cracks irrespective of whether they are embedded or surface adhered, it is important to investigate the strain transfer mechanism from the substrate material (i.e. steel, concrete, etc) to the fiber core via the fiber coating and within the gauge length or spatial resolution of the Brillouin based systems. This study aims at examining the interface strain transfer mechanism in such systems.
The subject of shear lag and strain transfer in optical fibers has been thoroughly studied in previous investigations. The core and cladding of the optical fiber consists of a high modulus Silica glass material and subject to brittle fracture. For this reason, a softer modulus Polymeric material is used to protect the optical fibers. In an earlier work, a shear lag model was developed to account for the interface strain loss at the substrate to coating and the coating to fiber core interfaces . This approach has been commonly adopted for computation of shear and axial strains in the coating and the fiber core of the fiber optic sensors, respectively (Li et al 2006; Wan et al 2008; Feng et al 2010) . In contrast to the fiber core that remains elastic, the polymeric coating undergoes plastic deformation when subjected to large strains. Li et al (2002) further expanded the shear lag model in order to account for the elasto-plastic behavior of the coating when the sensor is subjected to large strains. Li et al's (2002) model pertained to the state of continuous strain field and it was verified in laboratory tests involving long gauge
interferometric fiber optic sensors. The strain transfer mechanism is however different when substrates crack. In this situation, the optical fiber sensor bridges the crack and it is subjected to localized strain discontinuity at the crack location. The existing strain transfer models do not take the strain localization into account. Localization of strain occurs in a very small segment within spatial resolution limits of the Brillouin optical fiber sensor. The optical fiber captures both the distributed as well as the localized strains and averages the strains over the spatial resolution of the sensor. Thus, in light of the elasto-plastic properties of the optical fiber coating, the questions remain as to the effects of crack formations on the strain field distribution of fiber core; and furthermore whether the Brillouin sensor could detect the strain discontinuity caused by the crack?
The objective for the work presented in this article was to formulate the strain transfer mechanism in Brillouin based sensors in the presence of damage induced strain discontinuities, and to evaluate the damage detection capabilities of the distributed sensors. The relationship between crack opening displacement (COD) and strain distribution in the fiber core was investigated. 
BOTDR Based Distributed Sensing
Brillouin Scattering based systems achieve distributed sensing by interrogating the frequency shift of the backscattered light in the optical fiber. This is a nonlinear phenomenon induced by 
Where, v B is Brillouin frequency; C S and C T are the strain and temperature coefficients, respectively; and T r and ε r are the strain and temperature corresponding to a reference Brillouin frequency v Br . In essence, the sensing system acquires the Brillouin spectrum within the sampling points along the fiber path, and then the strain or temperature is determined by using the relationship in Eq. (1). The gain or loss spectrum of Brillouin backscattered lights can be measured by Brillouin optical time domain reflectometry (BOTDR) approach (Horiguchi et al 1995) or Brillouin optical time domain analysis (BOTDA) approach (Horiguchi and Tateda 1989) in a distributed manner. For BOTDR system, pulsed light is launched into one end of single mode optical fiber and the Brillouin backscattered signal is measured in the same end by means of heterodyne detection in the time domain. The Brillouin backscattered light power dP B (z, v) that is produced in a small section, dz , of the fiber and detected at the optical receiver is given by:
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Where, 
Where, z is the distance along the fiber from the light input end to the sampling point; p(z) is the launched signal power at z ; c is the velocity of light in vacuum; n is the refractive index of the The spatial resolution of BOTDR is determined by the pulse width of the incident light, which is given by:
Where, τ is the pulse width of the incident light. The spatial resolution is a key parameter that affects the measurement performance, which defines a moving gauge length for the Brillouin distributed fiber optic sensors.
According to Eq. (1), the strain or temperature at each sampling point is determined by the shift of the peak frequency of the Brillouin spectrum (BS) for each spatial resolution. To obtain the peak frequency, BOTDR fits the measured data at each scanning frequency to a Lorentzian function.
The relationship between the BS and the strain in the fiber can be given by:
Where, z i is the position of the i-th sampling point along the fiber, and ε(z) is the strain distribution within the spatial resolution. The existing research indicates that, in the case of uniform strain, the BFS accurately relates to the actual strain in the fiber. However, the non-uniform strain distribution leads to the distortion of the BS from the Lorentzian shape. As a result, the reading from the BFS of Brillouin sensing system is only a representative value in the spatial resolution, which is not the real strain in the optical fiber. This is termed distortion effect in this study.
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Theoretical Formulations
Basic Assumption
A theoretical model, which accurately describes the elasto-plastic behavior of the polymeric coating and the impact of deformation discontinuity due to crack opening on the strain transfer is formulated herein. In developing the analytical model, the following assumptions are made:
(1) The fiber core (glass core plus cladding) is assumed to be linearly elastic material. On the other hand, the polymeric coating is considered an ideal elasto-plastic material for which, the constitutive relationship is given by:
Where, τ c , γ c , , and G c are shear stress, shear strain and shear modulus of polymeric coating, respectively; and τ cr is the critical shear stress when plastic deformation starts at a segment of the coating.
(2) There is no debonding at all interfaces, including the substrate component-adhesive, the adhesive-coating and the coating-core interfaces. It ignores the local imperfections along the interfaces.
(3) The deformation discontinuity only creates the localized strain in the vicinity of crack location.
The locations far away from the crack are termed far field herein. The far field strain is just affected by the nominal strain of substrate component.
Thus it is sufficient to analyze a segment of optical fiber with certain length, which is equal to or greater than one spatial resolution of distributed sensor. It is also presumed that there is only one crack within the analyzed segment and that crack location is at mid-length of the analyzed range.
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Theoretical Developments
Elastic Phase
The schematic view of an optical fiber adhered to the substrate in symmetry with a crack is shown in Fig.1 . By considering symmetry, only a half segment of the optical fiber has been analyzed.
Based on the force equilibrium at arbitrary section in fiber core, the relationship between normal stress and shear stress can be given by:
Where, σ f is the normal stress in fiber core; τ f is the shear stress at fiber core-coating interface; r f is radius of fiber core; and x is the location form the arbitrary section to the center.
The shear deformation of the polymeric coating is created by the inconsistency of the deformations of the substrate and fiber core. The shear stress at an arbitrary point in polymeric coating is related to the shear stress at fiber core-coating interface by:
, ,
Where, is the radial distance originating from the mid-length along the optical fiber.
Considering compatibility conditions, the deformation of the optical fiber at the arbitrary section can be written as
Where, u f (x) and u m (x) denote the deformation of fiber core and substrate component, respectively;
and u c (x) and u a (x) represent the shear deformation of the polymeric coating and adhesive,
repectively.
The deformation of substrate component is caused by the nominal strain as well as crack opening 
Where, ε m is the nominal uniform strain of substrate component; and δ is the one-half of the crack opening displacement. It is obvious that the optical fiber strain is discontinuous at crack location.
By using the constitutive relationship, shearing deformation of the polymeric coating at elastic stage is expressed as:
Where,
Where, γ c is the shear strain of the polymeric coating; r c is the outer radius of polymeric coating;
and G c and G a are the shear moduli of polymeric coating and adhesive, respectively.
By using Eq. (8) and the stress-strain relationship of the optical fiber core, one can obtain:
Where, E f is the Young's modulus of the fiber core.
By substituting Eq. (11) and Eq. (13) into Eq. (10) yields the following relationship:
The parameter β accounts for the shear lag effect in the fiber core relative to the substrate, which combines both material and geometric property of the optical fiber.
The solution to Eq. (14) can be given by:
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Differentiation of Eq. (14) with respect to x yields the normal strain in the fiber core as:
As stated before, the strains at two ends of fiber core are equal to the nominal strain in the substrate component. The boundary conditions are u f (0)= 0 and ε f (L)= ε m . Thus the integration constants C 1 and C 2 in Eq. (16) and (17) can be given by:
Differentiating of Eq. (17) again and using Eq. (8), the shear stress at fiber core-coating interface can be expressed as:
Eqs. (16) through (19) pertain to a half segment of the optical fiber. The other half can be obtained by symmetry using the same formulations.
Evaluation of the elastic model was accomplished by computation of the normal and shear strains.
The core and the core-coating shearing strains of the optical fiber shown in Fig. 1 were computed, considering the mechanical and geometrical properties of the optical fiber sensor. Because of the fact that the experiments would involve use of a BOTDR based sensor with a spatial resolution of one meter, the computations were also performed over a one meter length, i.e. 2L=1 meter in
Equations 16 through 19. The geometric and mechanical parameters of the model are provided in Table 1 . For the computations, it was assumed that the substrate had undergone a crack opening displacement of 149.5 μm (i.e. 2δ=149.5 μm), and a nominal strain of 200 με everywhere else.
These values were selected for comparison with the experimental results described in a later 
Elasto-plastic Phase
The optical fiber has a polymeric coating that exhibits plastic deformation when the strain exceeds its elastic limit. Once a segment of the optical fiber coating reaches the critical yield level, upon further increase in strain yielding propagates through the length of the fiber. When subjected to nominal distributed strains, the optical fiber behaves fully elastic along its length. Formation of cracks induces localized plasticity in the coating of the optical fiber. The length of the plastic region depends on the crack opening displacement as well as the mechanical properties of the polymeric coating.
In the plastic region, the shear stress at fiber core-to-coating interface reaches the yield strength. It is assumed that the polymeric coating behaves as an ideal elasto-plastic material. Thus the coating yields, and the shear stress at fiber core-to-coating interface reaches the yield strength: Copyright 2013 by the American Society of Civil Engineers M a n u s c r i p t
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Where, p f is the shear stress within plastic region; and l p is the half length of the plastic region in the fiber core-to-coating interface. The silica glass in the optical fiber core behaves in a linear elastic manner all the way to fracture and it has a much larger ultimate strength than the yield strength of the coating. According to Eq. (8), the normal strain in the fiber core can be given by:
Where, p f is the normal strain in fiber core corresponding to plastic region. Integration of Eq.
(21) yields the deformation, p f u , in the fiber core:
Where, D 3 and D 4 are the integration constants that can be determined from the boundary and continuity conditions, respectively.
In the elastic region, the polymeric coating complies with the linear elastic constitutive law. Thus the axial deformation and strain in the fiber core should have the same form as in Eqs. (16) and (17), while the shear stress at the fiber core-to-coating interface should be similar to that in Eq.
(19). However, the integration constants, D 1 and D 2 , are different.
where, e f u and e f are the deformation and axial strain in fiber core in the elastic region; and e f is the shear stress at fiber core-to-coating interface within the elastic region. 
Considering the boundary condition, 
The above equation determines the relationship between the plastic region, l p , and the crack opening displacement, 2δ. Solution to Eq. (30) can give the plastic region of the polymeric coating due to crack opening. However, Eq. (30) is a transcendental equation that cannot be solved in an explicit form. Some methods of finding solutions to a transcendental equation use graphical or numerical approaches. Herein, the graphical approach was adopted to obtain the plastic region, l p .
With the given δ and other parameters in Eq. (30), D 4 was computed for a range of l p values, and then the root of the function was graphically determined by numerical means.
In testing the elasto-plastic hypothesis, the model shown in Fig. 1 was further employed for the computation of the interface stresses and strains. For the numerical model, the critical shear strength for the polymeric coating is given in Li et al (2002) and shown in 5, the stress concentration due to crack opening displacement leads to the yielding of the polymeric coating, and the plastic flow propagates through the length of the optical fiber. The crack opening displacement induced peaks in the fiber core axial strain and coating shear stress only appear within the plastic region. With the increase of the crack opening displacements, the extent of the plastic region along the length of the optical fiber expands, and the plastic region as well as the peak strains and stresses increase correspondingly. In comparison with elastic phase, the extended plastic zone is associated with significant reduction in the peak strain. In the elasto-plastic phase, the peak strain is not beyond the elastic strength limit of the fiber core, and thus the sensor does not fracture when the crack opens. Furthermore, the length of the plastic region is far longer than the crack opening displacement. The length over which the crack induced strains act, and the amplitude of the strains play a critical role in sensing of localized damage with
Brillouin-based systems as demonstrated in the flowing sections.
Experimental Investigations
Experimental Setup
The experimental program was designed to evaluate the performance of crack detection for BOTDR sensor. A large test bed was fabricated to accommodate the bending tests for a fifteen meter long I-beam (Fig. 6) . The beam was constructed out of three separate sections and spliced at two points. The splices were connected by splice plates bolted at the web and the upper and lower flanges to carry the shear and moment across the sections. To simulate crack opening displacements during the loading process, only one inner moment splice plate was employed for (Fig. 7) . The beam was supported at two inner points within the span and loaded at the ends in order to create tension on the upper flange. This loading pattern allowed for the CODs to occur at the upper flange and facilitated the fiber optic sensor placement activities. A commercially available telecommunication type optical fiber was used as the distributed sensor (Corning SMF-28). The optical fiber was adhered by epoxy on the upper surfaces of the flange along the entire length of the beam.
It was also necessary to independently monitor the opening displacements of the simulated cracks at the splice points. To accomplish this, a fiber optic long gauge sensor based on white light
Michelson interferometer was employed for this task. The sensor measures the total deformation along the length of the optical fiber with micrometer precision. Details pertaining to the operational principles of this sensor are beyond the scope of this article and its measuring principle is given by Yuan, et al (1998) . Fig. 8 shows the sensing scheme for measuring crack opening displacements by using the Michelson interferometer. In the experiments, two optical fibers that have the same sensing lengths were adhered on the beam surface to measure the crack widths. One of the optical fibers was employed for the measurement of the deformation due to beam bending as well as the crack opening displacement. The other was used for the sole measurement of the bending deformation since it was provided with a loose section at the location of the simulated crack. The crack width or crack opening displacements were obtained by subtracting the latter measurement from the former one.
Three load cases were considered for testing the beams in flexure. Care was taken to apply equal loads at both ends in order to create a constant moment region in the mid span, and hence the simulated cracks are both in the constant moment region. Loads at both ends are shown in Table 2 Journal 1943-7889.0000622 Copyright 2013 by the American Society of Civil Engineers M a n u s c r i p t
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for the three load cases. In each load case, COD data for the simulated cracks were measured by the long gauge optical fiber sensors and the experimental results are also given in Table 2 . amplitude. On the whole, the distributed measurements by the BOTDR did not reveal the strain singularity associated with the simulated cracks and therefore, could not explicitly reveal the damaged sections.
Results and Analysis
As discussed earlier, two factors are responsible for the inability of the BOTDR to detect the singularity associated with localized cracks: (1) the distortion effect of the BOTDR system due to averaging of the strains over the spatial resolution of the system; (2) plastic deformation of the coating and therefore, dampening the localized effect of the damage induced substrate
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displacements on the optical fiber strains. Therefore, it is unlikely to differentiate the accurate location of the simulated cracks from the distributed strain measurement results shown in Fig. 9 . It is however possible to compute the strain distribution and the effects of the localized displacement discontinuity by using the elasto-plastic formulations developed here. The experimental parameters for the three load cases shown in Table 2 were employed for the elasto-plastic analysis.
As shown in the computed distributed strains in Fig.10 , the strain singularities for the three load cases match the location of the simulated cracks to a great degree of precision.
Two major factors signify the differences between the theoretical results based on the elasto-plastic analysis and the BOTDR measured values, namely the signal-to-noise ratio; and spatial resolution. For all practical purposes, a certain level of noise is associated with any type of measurements. For the BOTDR employed in this study, the error is in the order of ±30 micro strains. The effect of the measurement error is more pronounced for the smaller strains, i.e. the strain singularities for load case 1 in Fig. 9 . Measurement error is a cause for blurring the effect of strain singularities, especially for the lower strain levels. However, low spatial resolution of the BOTDR, which in this case is one meter, is the major cause for the discrepancy between the theoretical and measurement results. As discussed earlier, BOTDR averages the strains over its spatial resolution, and each on the distributed measurements shown in Fig. 9 signify the average strain over a length of one meter. The discrepancy is significant when major singularities occur within the spatial resolution such as the simulated cracks discussed in the present study. On the other hand, the theoretical elasto-plastic computation of the strains pertains to the actual value of strain at every point along the length of the beam.
To consider the effect of spatial resolutions on the strains computed from elasto-plastic theoretical 10 indicates that the computed apparent strains are also capable of pinpointing the location of the cracks. In the case of the apparent strains, the amplitudes of the singularities associated with the simulated cracks are much lower than the ones from the elasto-plastic analysis. This is expected due to the strain averaging effect over the spatial resolution.
The apparent and BOTDR measured distributed strains are compared in Fig. 11 . In general, the computed and measured strains agree well. However, systematic noise has a pronounced effect on the measured values and masks the effects of localized damage on the distributed strains. The noise related effects are larger at lower strains. In practical applications involving detection of cracks, it is necessary to compute the apparent strains in order to enhance the accuracy in localization of cracks in sensing with BOTDR based systems.
Conclusions
The work presented in this study pertained to the development of a model for the analysis of strain 
